An evidence-based medicine approach was applied to evaluate analytic studies of exogenous risk factors for amyotrophic lateral sclerosis (ALS) published since 1991. Classification systems for evaluating the literature and for drawing conclusions based on the class of available evidence were developed, modeled on those used by national societies. Considerations regarding the impact on the general public of confirming a role for putative risk factors were made explicit. There was evidence in support of smoking being a probable ('more likely than not') risk factor for ALS. Smoking has broad public health impact, no redeeming features, and is a modifiable risk factor. Evidence supported the conclusion that the following were probably not risk factors for ALS: trauma, physical activity, residence in rural areas and alcohol consumption. Evidence-based medicine methodology does not permit calculation of the magnitude of type I or type II errors in drawing these conclusions. New evidence may change these conclusions. Recommendations for future research include: draw on clinical trial methodology in designing future, confirmatory, casecontrol studies; consider utilizing cohort studies, recognizing the longer timelines for these to come to fruition; accord priority to investigating putative risk factors with greatest public health impact. Advances in study methodology may lead to development of finite research cycles for individual putative risk factors for sporadic ALS.
Introduction
Amyotrophic lateral sclerosis (ALS) is the most common neurodegenerative disorder of motor neurons. Loss of pyramidal, spinal and bulbar motor neurons affecting multiple regions of the body leads to progressive motor dysfunction, disability and death. Five recent reviews of the epidemiology of ALS [1] [2] [3] [4] [5] , as well as several book chapters [6] [7] [8] , have considered environmental risk factors for ALS. They all came to similar conclusions: no association of an exogenous environmental risk factor with ALS has been demonstrated consistently and convincingly. However, the past 10 years have seen a significant shift in the focus of analytic studies looking for causes of sporadic ALS. First, there has been a shift away from looking for risk factors in the form of isolated events and towards looking for them in the form of chronic, lifelong, exposures. This shift has been driven chiefly by considerations of biologic plausibility and the need to assure that risk factors preceded disease onset. Second, the range of exposures under consideration has been expanded to include not only environmental factors but also lifestyle- Armon related exogenous factors, such as diet or smoking. Third, there is increased emphasis on the genetic-environmental interaction model, with time, or age, as a modifier [9] .
In addition, there have been advances in the methodology of analyzing the published literature. Readers of epidemiological reviews and chapters 15 and 20 years ago may have encountered what today might be considered relatively uncritical summaries of the published literature. Between 15 and 10 years ago, the idea of a critical review of the literature began to impact the way data were summarized and presented: not all reports were accorded equal weight. Approximately 10 years ago, meta-analysis was considered for its utility to summarize and condense the results of many studies, which individually might be ambiguous or conflicting. However, limitations of this method when the component studies were less than perfect or comparable have not permitted its proper application to the epidemiology of ALS.
The past 10 years have seen the emergence of a group of core concepts known as 'evidence-based medicine' (EBM) and its incorporation into the way we think about drawing conclusions from the published literature. The application of these concepts has not been done in a uniform fashion. It varies among professional organizations and has undergone changes and refinements over time within individual organizations, including, for example, the American Academy of Neurology. There are advantages to applying this method to the analytic epidemiology of ALS. EBM makes explicit the expectation that review of data in the literature is done for the purpose of drawing conclusions and how that may be done. Where that is not possible, the purpose of the review is to determine what additional data would need to be generated in order to be able to draw conclusions in future ('directions for future research'). This would counteract the potential for 'circular epidemiology' [10] . EBM determines that all data are not equal as far as the ability to draw conclusions from them and shows why. EBM concerns itself with the extent to which data, derived from subsets or samples of the general population, may be used to draw inferences that may apply to the general population. This translates into evaluation for freedom from biases and generalizability. These concerns parallel the concepts of 'internal validity' and 'external validity' in traditional epidemiology and clinical trial research. EBM makes explicit how data are classified, and how firm a conclusion can be drawn from data that cross a threshold of conclusion-worthiness. As a result, if agreement is established with regard to the way the method is to be applied, the results of its application tend to be reproducible.
However, EBM has its limitations. There is more than one way to apply EBM, and the choice of the way it is applied is based on opinion, rather than on evidence. Conclusions may depend on which data are allowed to impact on them. Further, the choice of how EBM is to be applied is made with some knowledge of the data that is to be evaluated. This differs from the way data are derived in a research setting, where the experiment is done, and the results become known, only after the methods have been established. Moreover, EBM may favor data obtained from well-funded, well-designed clinical trials that demonstrate small effects convincingly over observations of effects of larger magnitude, if obtained and documented using less rigorous methodology. Stated otherwise, the availability of data to meet the requirements of EBM is subject to bias resulting from commercial interests. Finally, EBM is prone to type II errors (avoiding making a recommendation or drawing a conclusion when one is warranted) even as it tries to decrease the likelihood of type I errors (making a recommendation or drawing a conclusion with insufficient basis). In contrast to other research efforts and, in particular, clinical trials, it is usually impossible to estimate the magnitude of the likelihood of a type II error when applying EBM methods, whereas the likelihood of a type I error is usually explicit, and kept low. Thus, the impact of this particular limitation is hard to assess prospectively. A type II error in the application of EBM is only discovered in retrospect. Consequently, it is important to keep in mind that in EBM as in clinical trials, absence of evidence should not be construed automatically as evidence of absence. However, the advantages of utilizing the methods of EBM outweigh their potential limitations, particularly when these potential limitations are recognized.
In order to apply an EBM approach to evaluate the role of exogenous risk factors in sporadic ALS, it is necessary to have a rating system to classify the quality of evidence in published literature and to translate the evidence into conclusions. I have drawn freely on the approaches of rating systems for the classification of evidence developed over the past few years by professional organizations, in particular the American Academy of Neurology, as reflected for example in two recent parameters [11, 12] . However, the purpose of this review is to generate scientific discussion, rather than to obligate one or other group of individuals or organizations to a particular viewpoint. Consequently, while this review has undergone pre-publication peer review, there has been no attempt to build a consensus around, or seek organizational endorsement for this particular approach to the application of EBM. 
Class IV
All other studies with controls, where the risk factor occurred before biological disease onset. Results that do not attain statistical significance. Results of post-hoc analyses, uncorrected for implicit multiple comparisons.
Class V 1 Studies with controls where the risk factor studied most likely occurred after biological disease onset. Assignment to this class is specific to that risk factor. 2 Uncontrolled data (case series, case reports, chance observations, expert opinions that are not based on verifiable data).
Comment: Epidemiologic studies are designed to look for presence and magnitudes of associations. Findings of absence of association require special consideration. Absence of evidence (of association) is not equivalent to evidence of absence. In general, power calculations are needed to provide an estimate of the type II error (the likelihood of missing a true association where one is present). This information is needed in order to know how likely it is that absence of association is due to chance or to a sample size too small to detect a true effect of a predetermined magnitude. If power calculations are available, failure to find an association may be construed as class I or class II evidence in support of a conclusion that there is no association if the power is sufficiently large, typically 1 80%. In the absence of power calculations, failure to find an association might be considered at most as class III evidence in support of a conclusion that there is no association. However, power calculations are usually not performed when designing epidemiologic studies, and do not guide sample size. In fact, sample size is usually determined by practical constraints of resources (time and budget). Power calculations are not provided in published reports, and may be difficult to derive in retrospect.
Therefore, I am proposing an additional criterion that might permit considering failure to find an association as (at most) class II evidence for lack of association. It has two elements: (a) the finding is based on a large sample of patients and a large proportion of patients in the sample and (b) the 95% CI around the OR of 1.0 is 'tight'. There are no universally accepted definitions of 'large number of patients' or of 'tight 95% CI'. I propose that the number of patients may be considered 'large' if the actual number of patients in the sample is 1 50 and the proportion of patients be considered 'large' if all, or close to all, the patients in the sample inform the conclusion. A 95% CI round 1.0 may be considered 'tight' if its upper limit (UL) is ! 2.0 (to conclude 'no increased risk') or if its lower limit (LL) is 1 0.5 (to conclude 'no protective effect'). If this criterion is to be applied, then the number and proportion of patients on whom this conclusion is based should be provided, as well as the actual 95% CI, so that readers may decide how robust they consider the conclusion. Two class I studies, or one class I and two class II studies, or three class II studies, with no contradictory evidence of equal or higher quality ranking, and which lend themselves to the application of the criteria for inferring causation from association [13] .
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Level B rating: This is a probable risk factor ('more likely than not')
1 One class I study or two class II studies, with no contradictory evidence of equal or higher quality ranking, and which lend themselves to the application of the criteria for inferring causation from association [13] . 2 Two class I studies, or one class I and two class II studies, or three class II studies, with some contradictory evidence of equal quality ranking. The evidence in favor of inferring risk factor status preponderates, through the application of the criteria for inferring causation from association [13] .
Level C rating: This is a possible risk factor (does not attain a 'more likely than not' status). Better-designed studies may be warranted with regard to this risk factor
One class II study or several class III studies with or without contradictory evidence of equal or lesser quality. If there is contradictory evidence of equal quality ranking, there must be less such evidence than there is evidence favoring risk factor status. The inconsistencies in the evidence do not permit consideration of inferences about causation.
Biologic plausibility is not necessary for assignment to this category.
Level U rating: It is unknown whether this is a risk factor
Evidence with regard to this risk factor is from conflicting or an insufficient number of class I-III studies, without a preponderance of evidence one way or another; or is from class IV-V studies; or there is no evidence.
If evidence that this is not a risk factor outweighs the evidence in support of this being a risk factor, assignment should be to a level A or B rating, as outlined in the comments below.
Comments 1 This table is designed to permit moving from the default position, that it is not known if a putative risk factor is a risk factor (level U), to a position that a risk factor has been identified. Consistent evidence in the form of class I-III studies that permit inferring lack of association from failure to find an association (see comment for table 1) should also result in a shift away from level U. However, assignment to level C ('possibly not a risk factor') is meaningless in this setting. Hence, to translate evidence that there is no association, a simpler system is proposed, whereby a level B rating ('probably not a risk factor') is assigned if there is stronger quality of evidence that there is no association than that there is an association, and a level A rating ('definitely not a risk factor') is assigned if there is a preponderance of evidence for lack of association. Further, it should be recognized that, realistically, there will be very little impetus for the scientific and funding communities to replicate even one class II study that establishes that there is no association for a particular presumptive risk factor; hence, one class II study unopposed by equal or higher class evidence is a realistic minimal requirement for assignment of a level B rating for absence of association. This is a small relaxation of the requirements to establish level B rating in support of presence of association. 2 Biologic onset of ALS precedes clinical onset, but it is not known by how many years. In all likelihood, the slower the disease progression, the longer it is reasonable to assume its preclinical course has been. Exposures or events which happened within the 1-3 years before clinical onset of ALS most likely happened after its biological onset, thus cannot have caused the disease, and constitute class V evidence for risk factor status. Studies may choose to exclude from consideration exposures or events within 5 or even 10 years of clinical onset, to avoid this limitation. 3 Invoking Hill's criteria of inferring causation from association [13] to the process of assignment of risk factor level is done intentionally, recognizing that 'risk factor' and 'cause' are not synonymous. The purpose is that those risk factors that are assigned higher levels will be further along the road towards potential causal status than if they were mere associations. 4 Biologic plausibility. In general, a critical link between a well-established risk factor and causation is biologic plausibility. Biologic plausibility is proved either by producing the disease in excess in an appropriate animal model exposed to the risk factor or by knowing with certainty how the risk factor would interact with the established biological mechanism of disease causation. In the case of ALS, the biologic mechanisms underlying disease causation are not known, animal models of sporadic ALS are lacking, and the animal models of familial ALS may or may not be relevant to the pathogenesis of sporadic ALS. Thus, biological plausibility cannot be proved for most risk factors for ALS under consideration. However, biologic plausibility may be considered within the framework of existing hypotheses regarding the pathogenesis of ALS, recognizing the speculative or hypothetical nature of this process, for the time being. This is required for levels A and B.
The specific criteria I am proposing for the classification of evidence are presented in table 1. The criteria for drawing conclusions from the evidence are presented in table 2. For assignment of higher levels of certainty, table 2 incorporates the considerations put forward by Hill [13] and the US Surgeon General [14] for inferring causation from association, even though we are dealing with alleged risk factors, rather than alleged causes. In addition, a third set of criteria is presented, in anticipation of the possibility that some results may cross various thresholds of conclusion-worthiness, in order to decide how to rank their potential importance to the general public (table 3) . Finally, I will state which developments in study methodology might result in higher quality studies in future, to make the research cycle with regard to specific risk factors finite. I expect the approach applied here to be critiqued, resulting in its future refinement. The limitations noted in many of the case-control studies reported before 1990 resulted in reflection of greater scientific rigor in some of the studies reported in the last decade. Hence, this review is limited to analytic studies reported from 1991 to 2002 that resulted in at least class III evidence.
Methods
Literature Identification
The list of articles published in or after 1991, considered within the recently-published review by the Agency for Toxic Substances and Disease Registry (ATSDR) [5] , served as a starting point. It was found to include relevant articles considered within previous reviews [1] [2] [3] [4] . Additional articles, reporting results from well-designed studies so identified, were added to the list. An independent Medline literature search was performed to confirm the completeness of this method of article identification and to identify articles published in 2002, utilizing combinations of the key words ('amyotrophic lateral sclerosis' or 'motor neuron disease'), with 'risk factor' ('cohort' or 'case-control'), or 'environment.' 
Classification of Evidence
The full text of identified analytic articles published between 1991 and 2002 was reviewed, and the criteria in table 1 applied to classify the evidence in them. Articles providing at least class III evidence are discussed in detail and referenced here. Several articles resulting from one study are considered together. In general, articles classified as class IV or V evidence are not referenced here or considered further. The exception is when a particular study provided some evidence of class III or higher, and some evidence of class IV-V.
From Evidence to Conclusions
The criteria of table 2 were used to draw conclusions, and the considerations of table 3 to infer the broader impact of these conclusions.
Opinions
This article concludes with my opinions regarding (a) lessons learned from this review, and (b) directions for future research.
Results
Literature Identification
Twenty-eight articles published in or after 1991 were identified in a preliminary fashion from the ATSDR review [5] . Two were excluded because they did not have comparison groups. Eighteen additional articles were considered to provide only class IV-V evidence. Eight articles are considered further [15] [16] [17] [18] [19] [20] [21] [22] . Four related articles were identified [23] [24] [25] [26] . The Medline search identified one additional article published between 1991 and 2000, which did not add to material published in an article considered previously to provide class IV evidence, and four articles published in 2002, two of which provided class III evidence or better [26, 27] ; one [26] had been identified previously.
Classification of the Evidence
Of the thirteen articles, eleven resulted from 5 casecontrol studies. One study was reported in five articles, one study in three articles, and three studies were each reported in one article. In addition, there were two population-based studies which analyzed correlations between disease-specific mortality and occupations. The case-control studies will be discussed first.
Population-Based Case-Control Study in Western Washington State 1990 State -1994 This was a rigorously designed population-based casecontrol study, which followed on an incidence study [28] , and resulted in five articles [17, 20, 21, 23, 24] . Such a study would be expected to provide class I evidence (see table 1 ). However, the published methods state that interviewers were not blinded to disease status of respondents, do not state whether interviewers were aware of any of the hypotheses being tested, do not state the total number of hypotheses tested, and do not state if any hypotheses were designated a priori as confirmatory (vs. exploratory). Furthermore, approximately one third of eligible controls refused to participate. This resulted in 64.4% of controls who had more than high school education, compared to 52.3% of cases. Even though education was used as a covariate in the analysis to adjust for this difference, it would increase the likelihood to find exposures associated with jobs requiring less education in patients. Thus, in general, the highest level of evidence should be a conservative class II, and may be warranted for positive findings (presence of association) where there are strong elements to support an association not due to chance or bias (rather than the minimal threshold for statistical significance p ! 0.05 or a 95% confidence interval (CI) which excludes 1.0) such as a particularly low p value and a robust doseresponse effect. Class III or IV assignment is warranted for all other positive associations because of lack of control for the multiple hypotheses tested and the risk of recall bias by patients, except if it is clear that the exposure was assessed after biological disease onset, where a class V assignment is appropriate. Findings of absence of association require separate consideration (see table 1   222   Neuroepidemiology 2003;22:217-228 Armon comment). This discussion depends on absence of other sources of bias that should result in assignment to a lower class of evidence. Using this approach, the study showed:
(1) An association with exposure to agricultural chemicals in men only (class III evidence) [20] . The authors also state that this finding should be considered exploratory. No associations were found for exposures to metals and solvents when relying on assessment by a panel of industrial hygienists evaluating job histories, blinded to participant status (class III evidence, due to upper limit (UL) 95% CI usually 12.0, and small numbers of patients and controls), though such associations were found when relying on self-report (class IV evidence, due to risk of recall bias).
(2) Overall no difference in physical activity between patients and controls (class II evidence) [23] . This classification is assigned because the absence of statistically significant association is based on findings derived from a study that was designed to be confirmatory, as reflected by the meticulous methods, even though this is not stated explicitly. Data were quantified from all 174 patients in the sample. In addition to the authors' own analyses, direct inspection shows that in multiple analyses, the proportions of patients grouped based on levels of activity are similar in patients and controls.
(3) Slightly more patients reporting participating in organized high school sports (class III evidence), and some indication (in exploratory analysis) of increased risk with greater levels of leisure physical activity approximately 40 years before disease onset (class IV evidence) [23] . These are interdependent data.
(4) No associations with a family history of neurodegenerative diseases other than ALS (class III evidence: small numbers, concern for underascertainment); an association with a positive family history of ALS was found, as expected [17] .
(5) No associations with other factors, including history of physical trauma (fractures (class II), electric shocks (class II for 'no injury' shocks, class III for shocks associated with unconsciousness of burns), or surgeries (class II)), residence in rural areas (class II), and (all class III) travel to Western Pacific foci, history of polio, polio immunization or tetanus immunization [17] . Class II level was assigned if UL 95% CI was !1.5 and more than 50 of the 174 patients informed the result.
(6) An association with lifetime cigarette smoking (class II, because of a significant dose-response effect and little chance of these data being influenced by bias) [24] . (7) No association with alcohol consumption (class II, UL 95% CI ^1.4 after adjustment for education and smoking, approximately 54% of 161 patients and 59% of 321 controls reported alcohol consumption) [24] .
(8) Putative dietary risk factors (high glutamate or fat intake increase risk, dietary fiber intake decreases risk) [21] . This is class V evidence, because the dietary history was obtained for the year before clinical onset, when the disease was likely to have been biologically active; hence the dietary survey cannot be construed as risk factors assessment. The findings may even reflect dietary adjustments made in response to preclinical disease. The multiple comparisons further limit the ability to make any inferences from these findings.
New England 1993-1996 Case-Control Study
This was a well-designed study which compared recently diagnosed patients recruited at two referral clinics to population controls identified by random digit dialing. The findings were reported in three publications [19, 25, 26] . Such a study might yield class I evidence with regard to risk factors unlikely to be influenced by referral, selfselection and recall biases. However, there are limitations similar to those of the Washington County Study. For example, only 71% of eligible cases and 76% of eligible controls participated in the study. Of the controls, 78% had a level of education above high school, compared to 67% of cases (p = 0.005); however, cases tended to have a higher income 5 years before the interview date than controls (p = 0.082). It cannot be stated whether these differences in the samples reflect truly differences between the general patient and control populations. However, odds ratio (OR) calculations were adjusted for education (as well as other factors). These limitations suggest that, at best, a lower assignment of class of evidence (class II) is warranted even in cases where these biases are unlikely to have influenced the findings. If the likelihood of the impact of biases is high, then class IV assignment is appropriate. Dietary exposures were assessed for 5 years prior to the interview, and patients were enrolled within 2 years of initial diagnosis, which is equivalent, on the average, to within 3 years of clinical onset. Thus, dietary exposures were assessed, on the average, 2 years before clinical onset; however, the disease was probably biologically active at the time, at least in some patients (class V evidence). Other risk factors were assessed for periods that extended earlier, but also included periods of active disease, and the authors were careful to point out when they may have been detecting consequences of disease rather than its causes. An exception to these general rules is the evaluation of lead exposure, where the authors' intent to perform 'confirmatory' analysis is clear: the authors state that this was the primary intent of the study and they invested special effort to collect biological samples from patients and controls [26] . The issues in the lead exposure component of the study are not whether multiple comparisons may have resulted in positive findings due to chance alone, but the extent to which biases may have impacted the findings, and how biological samples in patients who are already ill should be interpreted: Do they reflect the cause of the disease or its consequence? Applying these criteria, the New England Study showed:
(1) An association with cigarette smoking (class II evidence) [25] . A dose-response trend was demonstrated, but the level of statistical significance varied: it was 0.046 using 'cigarettes per day' as the measure, and 0.084 when using 'pack-years' as the measure. Statistical significance was not attained when using 'years smoked' as the measure; however, 12% of cases, compared to 4% of controls, had stopped smoking within the 5 years before the interview date. This likely reflects a case where the consequences of the disease interfered with continued exposure to the risk factor. The authors considered whether potential population controls who declined to participate may have impacted these findings, and reported that, compared to participants, refusers were less educated and less likely to have ever smoked. This increases the confidence in the findings that cases had greater frequency and quantity of smoking than controls.
(2) No association with alcohol use, marijuana use, or family history of neurologic disease other than ALS (class III evidence) [25] . An association with family history of ALS was found, as expected.
(3) Inconclusive data regarding dietary intake. Dietary intake of calcium and antioxidants were not strongly related to risk of ALS (authors' wording) (class V evidence) [20] .
(4) An association of ALS with self-reported occupational exposure to lead and with elevated blood and bone lead levels, but no association with residential or recreational exposures. Adjusting for occupational exposures had little effect on the association of blood and patella levels, but weakened the association of tibia levels with ALS [26] . The latter observation suggests that blood and patella levels may not be good biological markers for lifetime lead exposure, or that exposure estimates based on the self-reported occupational histories are unreliable. The half-life for lead is 1 month in blood, 3-5 years in patella, and 15-25 years in tibia [26] . Tibia lead levels would thus be better markers for lifetime exposure, and adjusting for lifetime exposure would thus tend to decrease their association with ALS, as was found to be the case. The self-report results were driven by a small number of cases that provided the margin of excess occupational exposure: approximately 12 out of a total of 102. Considering that 154 patients were eligible and 110 are listed as having participated, it is possible that this study of lead as a risk factor for ALS was enriched by patients with such an exposure, who may have been more willing to participate than those who did not have such an exposure. If the denominator had been 154, rather than 102, then the apparent excess would no longer be evident (35 out of 154 = 22.7%, a proportion similar to 54 out of 247 controls (21.8%) who reported exposure to lead fumes, dust or particles 10 or more times). Such a self-selection bias would also have enriched the proportion of patients with ALS with elevated blood and bone lead levels, if these were related to lifetime exposure. If the levels are a consequence of the disease rather than markers of its cause, this discussion is moot. Thus, the strength of evidence provided by this study for the association of exposure to lead with ALS is best assigned as class III. The authors conclude that 'the hypothesis that lead exposure plays a role in the etiology of ALS deserves further consideration', a conclusion that is consistent with class III evidence.
Scottish Motor Neuron Disease Register 1990-1991
Case-Control Study This is a case-control study of 103 out of 147 patients with sporadic ALS diagnosed between May 1, 1990 and October 31, 1991, identified from the Scottish MND Register [16] . A structured interview was used to gather data. General practitioners' medical records for patients and controls were reviewed to supplement and corroborate the data from the interviews. The results may be summarized as follows:
(1) Results regarding an association of a history of fractures with ALS are inconclusive. A matched case-control analysis for lifetime history of fractures results in an OR of 1.3, with a 95% CI of 0.7-2.5. This does not attain statistical significance. The OR for men alone is 0.7 (a putative protective effect) and for women 2.8. Matched analysis for fractures within 5 years of symptom onset shows a highly significant excess in cases. However, in all likelihood, disease was biologically active at the time, and subclinical disease may have caused the fractures [1] . Subclinical ALS may predispose to fractures because of unanticipated muscle fatigue, or upper motor neuron dysfunction resulting in inducible spasticity, leading to an uncontrolled or poorly blocked fall which causes a fracture: the legs/arms/hands do not behave quite the way they are Armon clinical onset are excluded, there are 13 case-only couplets, compared to 20 control-only couplets, which might lead to a speculation that remote fractures reduce the likelihood of ALS. Thus, the entire association is based on class V evidence (risk factor likely occurred after biological disease onset). There was no correlation between site of fracture and the anatomical area in which the disease began.
(2) There was no significant difference between patients and controls in the number of non-bony traumatic events requiring medical attention, total number of operations or electric shocks (class IV evidence for lack of association, due to lack of actual numbers and CIs).
(3) An occupational history which included manual work, was more common in MND patients (OR = 2.6, 95% CI 1.1-6.3). This was based on a detailed lifetime employment history classified according to the Office of Population and Censuses and Surveys (class III evidence, due to low likelihood of bias, but resulted from many comparisons).
(4) Regular exposure for a period over 12 months was reported by patients, more frequently than controls, for lead, chemicals/solvents, pesticides and minerals/ores. The 95% CI excluded 1.0 for lead and chemicals/solvents (class IV evidence, due to risk of recall bias, difficulties quantifying the exposure, and risk of confounders).
(5) No statistically significant associations with environment in childhood, social class, common childhood infections, contact with poliomyelitis, vascular disease or tobacco use (class IV evidence for lack of association, due to limited data provided).
Mayo Clinic, Rochester, Minnesota Referral-Based Case-Control Study This case-control study was conducted in 1988-1989 utilizing a referral population at Mayo Clinic, Rochester, Minnesota [14] . It was designed to be a 'state-of-the-art' case-control study, and indeed tried to avoid many of the shortcomings of previous studies. Seventy-four patients were compared to 201 matched controls using a sequential questionnaire/interview technique to gather quantitative data regarding risk factors, with 5 hypotheses designated a priori as those for which the study would be considered confirmatory. Following the classification of evidence system (table 1), the results of such a study might be considered class II evidence. However, since I am evaluating my own work and due to methodologic limitations of the study, particularly when judged by today's standards, it may be more appropriate to represent the results as class III evidence. The study showed an association with greater exposure to lead and no associations of ALS with hard physical labor, trauma or major surgery, years lived in a rural community, or family history of neurodegenerative disease.
Environmental Exposure to Trace Elements:
A Population-Based Case-Control Study This population-based case-control study was undertaken in the Emilia-Romagna region in Northern Italy [27] . Exposure to select trace elements was evaluated by measuring toenail concentrations in 22 patients and 44 controls. No association was found for the ten elements tested. There were no clearly identifiable sources of bias. However, toenail clippings reflect the time period of the preceding 12-15 months; hence, exposure was measured for a period during which ALS was biologically active, and possibly clinically evident. Consequently, the interpretation of the findings hinges on whether biological or clinical disease onset changed patients' exposure to or metabolism of the elements, in which case the toenail findings would not represent exposure before disease onset. Validation of toenails as biomarkers for chronic exposure has been provided for three of the elements (selenium, lead, zinc), but is less certain or unavailable for the others (cadmium, copper, aluminum, chromium, iron, cobalt, manganese). Nevertheless, the negative finding draws on the entire patient population a relative strength (class III evidence for lack of effect).
Two Mortality Studies: Occupational Risk Factors
The two studies under consideration were performed by correlating a diagnosis of ALS [18] or several discrete neurodegenerative diseases, including ALS [22] , with occupational code in Swedish national [18] or United States multi-state [22] mortality databases. Different methods were used to determine relative excess frequency of diagnosis in different occupational groups. In the first study [18] , an age-stratified random sample was selected as a control group, and for each occupation, the number of cases in that occupation was compared to an expected number, derived from the proportion of controls in that occupation. In the second study [22] , the entire population served as the reference group: for each occupational group, the proportion of deaths from a specific cause was compared to the proportion of deaths from that cause in all occupational groups.
Both study designs are free of investigator bias. However, they are susceptible to two sources of bias at the stage of data entry into the surveillance systems. First is bias due to ascertainment and registration of the diagnosis, which may be more complete in some occupational groups than others. Ascertainment of diagnosis in the patient's life needs to carry over to awareness of the diagnosis by the physician registering it after the patient's death, and actually registering it. Ascertainment and registration will be influenced by level of sophistication, level of education, socioeconomic status, and overall level of initiative of patients and their surviving next of kin. Those who care are more likely to have the correct diagnosis made during life and registered after death. This consideration will matter less at the level of the individual in communities where there is high awareness and ascertainment of neurodegenerative diseases, and ALS in particular, but will undoubtedly play a role where awareness and ascertainment are less complete, specifically, in less advantaged socioeconomic settings. This awareness may also change over time. A second source of bias is the accuracy with which occupations are reflected on death certificates: not all occupations may be represented equally. This bias has been shown to happen with regards to electric utility workers [29] : even within a single industry, some occupations are more likely than others to be registered correctly on death certificates. Further, due to the multiple comparisons that take place as part of the study design, some associations will emerge as statistically significant due to chance alone, without reflecting on the operation of underlying etiologic processes. If ranking is performed, some occupations will rank higher than others, due to the study design. It is necessary to consider these potential sources of bias before considering the mortality/occupation study findings as truly representative of reality, let alone venturing to make etiologic inferences or speculations from such studies. Results based on small numbers of observed cases are particularly suspect because of their great proneness to bias, and may be assumed to be spurious or chance observations till proven otherwise. These study designs may generate at best class III evidence, if close attention is given to correcting for potential sources of bias; otherwise the evidence is class IV-V. In contrast, study designs that focus on single occupations can generate at best class IV evidence because the design itself makes them particularly prone to biases, including underascertainment in the reference population resulting in spuriously low expected numbers, with no way to control for these biases.
The 1991 mortality/occupation study from Sweden [18] compared the frequencies of occupations in patients with ALS who died between 1970 and 1983 to their frequencies in controls. Of 54 occupation codes reported, excess, defined as OR 11.0 and lower limit of 95% CI 11.0, was found for two occupations: office workers (34 cases, OR = 1.8, 95% CI 1.0-3.3) and farm workers (56 cases, OR = 1.7, 95% CI 1.1-2.7). Fewer cases than expected were found among drivers (34 cases, OR = 0.6, 95% CI 0.4-0.9) and chemical workers (12 cases, OR = 0.5, 95% CI 0.2-1.0). Additional occupations appeared to have greater or lesser than expected numbers of cases, based on small numbers. The category with the largest number of cases was farm and forestry managers (128 cases, OR = 0.8, 95% CI 0.6-1.1). For women, the only excess was in medical services (33 cases, OR = 1.7, 95% CI 1.0-3.0). The authors noted that the OR for agricultural work (farm managers, specialized and unskilled farm workers, 161 cases) versus all other branches of industry was 1.0, for each gender.
The study findings could be interpreted as having identified 'risky' occupations and 'safe' occupations, in which case the class of evidence for this interpretation should be class IV. Two out of 54 occupations in men and 1 out of 54 in women might be identified as risky, with a lower limit of 95% CI just 11.0, due to chance alone. This is without even getting into the question of the possible biases in reporting, discussed in the preceding paragraphs. An alternative interpretation of the findings is that overall no occupation stood out as excessively prone to dying of ALS, beyond what might be expected due to chance alone. In my opinion, the latter interpretation is more correct, and merits classification as class III evidence for lack of association of ALS with any particular occupation.
The 1996 study from the USA [22] examined mortality from 1982 to 1991 for 27 states, in four neurodegenerative disease (NDD) categories: presenile dementia, Alzheimer's disease, Parkinson's disease and motor neuron disease. The ten occupations with the highest proportional mortality ratios (PMRs), for each disease category, were listed for each of four demographic groups, designated by the authors as: white males, black males, white females and black females. Most occupations got into the 'top 10' based on small numbers of cases, usually !10. Teachers were represented with excess cases most consistently across all four disease categories, with large numbers of cases noted in 2 or 4 demographic groups for each disease category, PMRs ranging from 1.6 to 2.7, and lower limits of the 95% CI consistently 11.0. Other occupations represented as showing excess did so based on small numbers, and the interpretation of the findings is uncertain, due to potential for bias. Focusing specifically on motor neuron disease, the number of cases in the 'top 10' excess mortality occupations was 110 for two occupations for white men, eight occupations for white women, and one occupation each for black men and women. Of 462 white women in the 'top 10' excess mortality occupations, 227 (49%)
were teachers (PMR = 1.6, 95% CI 1.4-11.8). The PMR for black, female teachers was 2.1 (95% CI 1.14-3.5, based on 14 cases). Male teachers did not make it into the 'top 10' occupations at risk for motor neuron disease; thus, the PMR for male teachers in this dataset is unavailable from the published report.
The study findings could be interpreted by focusing individually on some of the non-teaching occupations. Such focus would run the risk of being influenced heavily by the various biases previously discussed. Alternatively, the focus could be on the consistent excess representation of teachers across all categories of NDD -a more robust and consistent observation, affecting many more individuals. This focus could give rise to two possible lines of interpretation: (1) teachers who develop NDD are more likely than the average person to have both the diagnosis and their profession registered correctly on their death certificates, or (2) teachers are at greater than average risk for developing all NDD. Even if one was inclined to accept interpretation 2, before pursuing etiologic speculations related to the teaching occupation, it would be prudent to consider the possible role of reduced competition from other causes of mortality (Gompertzian considerations) [30] in producing the findings. The most conservative interpretation of the teachers' excess mortality data would be in terms of an apparent excess arising from more complete ascertainment of NDD and registration of disease and occupation in death certificates of teachers than of the reference population. Considering motor neuron disease specifically, since 1983-1991 US mortality (death certificate) data fell short of the Rochester, Minnesota incidence data by approximately 30-40%, likely due to less than complete ascertainment, a PMR of 1.6 would bring the mortality in teachers to the expected range.
To summarize, the findings of this study could be interpreted in terms of the non-teaching occupations found to be at risk, based on small numbers, in which case the classification of this evidence would be class IV at best (due to the biases inherent in such an interpretation). Alternatively, the study could be interpreted as showing no excess risk in any particular occupation, because all apparent excesses might be explained by the operation of chance or biases. In my opinion, the latter interpretation is sounder, and would qualify as class III evidence for lack of association of occupation with ALS. A useful product of this approach is that we can use the 1.6-2.7 PMR in teachers as an approximate correction factor when trying to interpret apparent excesses that we believe may be due to more complete ascertainment in a special population under consideration than in the reference population.
From Evidence to Conclusions
Smoking has a probable positive association with ALS (level B rating, based on two class II studies [24, 25] ). This risk factor warrants a high ranking of importance according to all four criteria in table 3. It is considered 'probable,' it is modifiable, it has no redeeming features, and it affects a relatively large segment of the population. It is intriguing to speculate that some of the reduction of the male:female preponderance of ALS in more recent epidemiologic studies may be due to the rise in prevalence of smoking among women in the latter part of the last century. Smoking has not been thought of within the framework of 'environmental' risk factors in the past. Consequently, the significance of the two recent studies implicating it may not have had the same impact on the scientific and patient communities as even one study of equal quality implicating an exogenous, truly environmental, risk factor. There is some biologic plausibility to consider a role for smoking, a known carcinogen, in producing a condition that acts like a biochemical malignancy ( fig. 1 ) [31] . Reduction in the ability to detoxify smoking-related carcinogens by some post-menopausal women [32] may explain the increased mortality from ALS predominantly in women over 65 in a recent report [33] . In additional support of a carcinogen, or alkylating agent, as possibly involved in causing some forms of ALS, Spencer [34, 35] currently favors methylazoxymethanol, a potent alkylating agent, the aglycone of cycasin, as the primary mechanism for the long-latency induction of Western Pacific ALS. He postulates that methylazoxymethanol may produce post-mitotic DNA damage and interfere with DNA repair, up-regulate the expression of Ù mRNA by itself or in conjunction with an endogenous excitotoxic agent (neurotransmitter glutamate), and thus promote the accumulation of Ù protein and neuronal degeneration in Western Pacific ALS/PDC.
The following are probably not risk factors for ALS (level B rating; supporting studies providing class II evidence listed; no class I evidence available): (1) trauma [17] ; (2) physical activity [23] ; (3) residence in rural areas [17] , and (4) alcohol consumption [24] .
Currently, there are no conflicting data of equal or higher evidence class. This rating may be revised if conflicting, high-quality data become available in future.
(1) Conclusions with regard to all other putative risk factors would attain at most a level C rating. Of these, exposure to lead and to agricultural chemicals have no redeeming features and are modifiable (i.e., preventable) but might end up affecting only a minority of patients. Dietary risk factors have aroused interest; however, the actual data (outside of Guam) are class V evidence and may affect only a small minority of patients. While it is intriguing to speculate that high glutamate intake (mainly due to high protein intake) may expose motor neurons to a chronic excitotoxic stimulus, this hypothesis could be tested directly by checking if different amounts of dietary glutamate change CSF glutamate in a small number of healthy volunteers. This has not been shown to occur in healthy dogs [36] .
(2) It is impossible to take into consideration the likely underreporting or de-emphasizing of studies that have shown lack of associations.
Opinions
Lessons Learned (1) Even the best, population-based, case-control studies are susceptible to biases.
(2) It may be very difficult, if not impossible, to design case-control studies to provide class II evidence in support of risk factors affecting only a small minority of patients, because the likelihood of bias is high, and the patient numbers are too small to generate reliable doseresponse data.
(3) It may be necessary to begin considering how cohort studies may be used in researching risk factors for ALS. It may be necessary to accept that the time unit for advances in this field is decades, or even investigator lifetimes, rather than 1-to 5-year grant-funding cycles.
(4) Mortality studies are subject to ascertainment and registration biases that can only be appreciated if internal and external controls are utilized.
(5) Findings based on small numbers of affected patients are likely to be incorrect.
(6) Findings based on large numbers of affected patients are likely to provide direction with regard to disease etiology or research methodology.
(7) It is necessary to reflect awareness that biologic disease onset precedes clinical onset by several years in design of studies of exogenous risk factors in ALS.
Directions for Future Research
(1) Development and publication of research methodology to determine how case-control studies can be designed with confirmatory intent to generate class I or class II evidence for or against associations of specific risk factors and ALS, in a way that would make them more similar to clinical trials. Consider the effect of having a priori clearly defined and formulated hypotheses and sample size calculations that will permit testing those hypotheses. Take into consideration: magnitude of increased risk of developing ALS that one wishes to be able to detect; magnitude of anticipated exposures; the percent population affected; anticipated responder rates and their impact; acceptable size of type I and type II errors.
(2) Development and publication of research methodology to determine what may be expected from cohort studies in ALS, following the same considerations as in point 1. This may permit realistic planning of the scope and duration of cohort studies that might be undertaken Armon with specific hypotheses in mind and with confirmatory intent.
(3) Establishment of priorities for putative risk factors to be studied (consider table 3).
(4) Development of research plans for the highest priority risk factors with study designs and time lines that will make the research of those factors a finite proposition [10] .
